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Abstract 
The removal of carbon dioxide from gas with regenerative absorption and a chemically 
activated solvent is a well – known process in petroleum industry and natural gas 
sweetening. Due to the ambitious goals which were set worldwide to reduce the CO2, as 
one of the greenhouse gases, this process is discussed as one strategy for reducing the 
CO2 emissions of coal fired power plants, in context of Carbon Dioxide Capture and 
Storage (CCS). Aqueous amine solutions can be used as solvents for these so called Post 
– Combustion – Capture (PCC) processes. The laboratory for environmental technology 
at the TU Dortmund develops a model, which enables an abbreviated procedure for the 
screening of diverse solvents. For this model, which can be used for technical 
applications, transient balances were solved with the help of the Laplace – 
transformation. The equations, which were derived, enable the steady – state examination 
of PCC – plants. Transient behaviour can be evaluated as impact of typical disturbances 
generated by the power plant. The model was validated with pilot plant tests results 
generated for Monoethanolamine (MEA) and Diglycolamine (DGA) at the Institute of 
Energy and Environmental Technology IUTA e.V. in Duisburg. The results of a MEA 
test campaign performed at the pilot plant in Esbjerg were also used to check the quality 
of the model. Additionally the transient results generated by the model were validated 
with the commercial software Aspen Plus Dynamics®.   
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1. Introduction 
The tremendous demand for electricity in the coming decades in China, India, South America and even in 
the EU will lead to a worldwide increase of electrical energy of 75% by 2030, which is corresponding to an 
additionally installed power of approximately 14000 TWh. For the EU a growth in electricity generation of 
more than 900 TWh is expected. In contradiction the EU adopted the climate package with the main goals 
to reduce the greenhouse gas emissions by 20%, to increase the share of renewables in energy consumption 
to 20 % and to improve the energy efficiency by 20 % until 2020 [1],[2]. Since 1930 amines are used for 
the removal of CO2 and H2S from gases. A process was developed, which consists of two stages, the 
absorption and desorption. The most common application of this process is the petrochemical industry and 
the natural gas sweetening. Within this field amine based systems are mostly used because of their high 
reactivity and excellent ability to remove CO2. Due to these advantages amine – based systems are also 
considered as solvent for PCC processes in power plants.But the integration of this well – known amine 
systems in conventional coal – fired power plants is a challenge. The main reasons are the pressure of 
absorption and desorption, differences in the gas flow and the flue gas composition. The pressure during 
absorption influences the absorption rate. Therefore high reactive systems are needed, in order to remove 
the desired amount of CO2. The enormous flue gas flow which is generated by power plants will lead to 
extensive liquid flow and components. The flue gas composition, in particular the O2 concentration will 
degrade the solvent and therefore influence the stability of the solvent. Moreover the flue gas flow and the 
composition of the flue gas is not constant. It is related to the load of a power plant and therefore to hardly 
predictable environmental influences. PCC – plants which are based on amines or amine blends have to be 
designed in order to meet the stationary and transient input of the power plant. Therefore successive 
operation of a PCC – plant in a power plant can only be achieved by using effective solvents. Commercially 
available, mostly numerically working programs for the evaluation of stationary or the dynamic behavior of 
chemical absorption, e.g. Aspen Plus® or Aspen Plus Dynamics® have a generic character. Therefore they 
are designed for general usage and include only a limited selection of amines. Due to the general estimation 
procedure the modules, which are implemented in Aspen Plus®, for generating material data have a limited 
applicability. If the required information is not available from literature measurements are needed, in order 
to generate the necessary material data. In order to abbreviate the up – scaling of PCC – plants based on 
amines or an amine blends the Laboratory for environmental technology at the TU Dortmund developed a 
rate – based model, which enables the simulation of the behavior of aqueous amine solutions and amine 
blends in a time saving manner. In addition the integration of solvent can be performed on a near time 
basis. 
2. Mathematical Model 
Amine based PCC – plants mostly consists of two stages. Within the first stage, the absorption, the gas is 
in counter current contact with the aqueous amine solution. The CO2 moves from the gas phase to the liquid 
phase and enriches the aqueous solution. The gas leaves this stage with a reduced amount of CO2. The 
second stage, the desorption, is performed under elevated temperature. This leads to a release of the CO2
from the liquid phase. The lean solvent can be reused for the absorption.  
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Within the common arrangement both streams, lean and rich solvent, are connected with a cross heat 
exchanger for energy integration reasons. The main energy consumer in the described process is the 
reboiler of desorber. The energy which has to be supplied to this component is related to the solvent with is 
used within the process. Modeling of reactive systems is performed since the 1980s. But for the modeling a 
reliable and accurate model of the process has to be created in order to derive optimized prediction results. 
From literature two types of models are available: The equilibrium model and the rate – based model. For a 
gas – liquid system as it is present in amine – based PCC – plants, the equilibrium model assumes gas – 
liquid equilibrium in each stage [3]. Most of the simulations were performed for the pressurized operation 
of the absorber, as it is common in chemical industry. In this case the equilibrium model shows very good 
results. For the atmospheric pressure with which PCC – plants are operated, that are installed downstream 
the traditional air quality control systems of a conventional power plant this approach is not applicable, due 
to the fact that the mass transfer is kinetically controlled by diffusion and reactions [4]. The non –
equilibrium or rate – based model assumes that equilibrium occurs only at the gas – liquid interface. The 
mass transfer between both gas and liquid phase can be described by Maxwell – Stefan equations [5], [6]. 
Therefore the present approach is based on the two – film model. The assumption of this approach is that 
the mass transfer resistance is concentrated in a film, which can be described as a thin layer, next to the 
interfacial area. Steady – state models using enhancement – factors can be found in [7], [8], [9], [10]. A 
rigorous dynamic model for the simulation of reactive absorption was presented by [10]. Further dynamic 
examination of CO2 – capturing processes can be found in [11], [12], [13]. All dynamic models have in 
common that they are solved numerically. The present model will use a semi – numerical approach in which 
the zone, where the mass transfer takes place is divided into layers. Within these layers the analytical 
equations listed below will be performed. In order to describe the absorption the following balances and 
equations are necessary. 
The balance of the gas phase can be described by 
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The diffusion flow of the gas film is defined as 
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Due to the reaction which occur in the liquid film the diffusion flow through the liquid film can be 
described as 
 		

	

	

=⋅=          (3) 
The dynamic absorption of CO2 in the liquid bulk of the amine based solvents is represented by the 
following equations 
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As discussed in open literature the description of the film is reduced to steady – state behavior  
 	

	



	

	 ⋅⋅⋅⋅=

        (5) 
For the description of the dynamic behavior the material balance for the liquid film can be transformed 
with the help of Laplace – Transformation. Linear differential equations can be solved by transferring the 
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equations from a time domain to a “s” domain. This has the advantage that differentiation or integration 
becomes easy algebraic operations after transformation. Due to this the solution of a differential equation is 
equivalent to the easy algebraic rearrangement of the equations’ transform. 
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In order to quantify supposed disturbances induced by the power plant operation two cases were 
developed. 
Stepwise induced disturbances from the power plant 
In order to investigate the behavior of amine – scrubbing system stepwise induced disturbances can be 
described by K/s. The CO2 – content in the liquid phase can be described with 
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Ramp – wise induced disturbances from the power plant 
In order to investigate the behavior of amine – scrubbing system stepwise induced disturbances can be 
described by X/s².The CO2 – content in the liquid phase can be described with 
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The equations require constant coefficients which depend neither on time t, nor on concentration c. 
Therefore the reaction zone is divided in layers with constant conditions. This algorithm for designing 
and investigating absorber and desorber systems were implemented in a Visual Basic code.  
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3. Validation with a Pilot – scale Plant 
On behalf of Hitachi Power Europe GmbH 
the Institute of Energy and Environmental 
Technology IUTA e.V. in Duisburg in 
Germany made test runs with different 
amines. The pilot – scale plant is in its 
standard design equipped with one absorber. 
It has a diameter of 0.32 m and an overall 
height of 6.1 m; the absorber internals are 
structured packings of the type Mellapak 
250Y supplied by Sulzer Chemtech. 
The N2 and CO2 is compressed and cooled 
down to 40°C. It enters the system at the 
absorber inlet. In the absorber gas and 
solvent are contacted in counter flow. The 
rich solvent is pumped to the desorber which 
is also fitted with Sulzer´s Mellapak. It has a 
diameter of 0.32 m and a packing height of 3 
m. Within the desorber the CO2 is released. 
At the top of the desorber water saturated 
CO2 leaves whereas the CO2 lean solvent is 
drawn from the bottom of the desober. For 
energy integration reasons a cross –
heatexchanger is connected with the rich and 
lean solvent flow. 
Test runs were performed with 15 wt.-% 
Monoethanolamine (MEA) solution and 50 
wt.-% Diglycolamine (DGA) solution. 
4. Validation with a Pilot Plant 
Published measurements from a pilot plant 
were used for an extended validation. The 
tests were performed at a pilot plant which 
was installed for the European CO2 Capture 
and Storage (CASTOR) project at the power 
plant Esbjergvaerket (ESV) in Denmark in 
2005. The CASTOR pilot plant removes CO2
from a split stream which is taken upstream 
the stack [15]. The absorber of the pilot plant 
is equipped with 4 beds and 4.25 m of 
random packings IMTP 50 each.  0
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At the top of the absorber an additional washing stage with a height of 3 m is installed. The packing of the 
desorber is designed as a structured packing bed, which can be divided in 3 x 5 m Mellapak 252 Y. The 
diameter of each column is 1.1 m. The measurements from the pilot plant which are used for the validation 
were performed with 30 wt. –% MEA solvent [16]. 
5. Validation with Aspen Plus Dynamics®
Aspen Plus Dynamics® is an 
extension of Aspen Plus®. For 
the simulation with Aspen Plus 
Dynamics® the flowsheet and the 
model have to be prepared with 
Aspen Plus® and exported to 
Aspen Plus Dynamics®. An 
export of a model which is 
created with Aspen Plus® Rate –
Sep is not possible. Therefore 
rate – based models can not be 
simulated with Aspen Plus 
Dynamics® only equilibrium 
model can be used. With Aspen 
Plus® Rate – Sep a steady – state 
model for 30 wt.–% MEA 
solution was developed. With 
Aspen Plus Dynamics® the 
dynamic process simulation was 
performed. 
Both steady state and dynamic simulation were used to validate the results which were achieved by the 
linear model.  
6. Conclusions 
The demand for sustainable and clean energy production is one of the major targets of worldwide research 
work. PCC – plants with amine – based solvents are discussed as the option which can be implemented 
commercially within the next decade. One challenge is the choice of the solvent which can meet the 
demands of a power plant. Commercially available software like Aspen Plus® and Aspen Plus Dynamics®
can be used for quantification of a specified selection of amines. The linear model developed at the 
laboratory for environmental technology at the TU Dortmund allows the simulation of steady – state and 
dynamic behavior. Due to simplifications a reduced amount of parameters is needed for simulation. The 
results for the primary amines MEA and DGA are in good agreement with the results performed at a pilot – 
scale plant.  The results given by the CASTOR pilot plant can be reproduced by the model with good 
accuracy. The comparison of the dynamic solvent behavior performed by Aspen Plus Dynamics® and the 
linear model show good results.  
In a summarized scope the advantages of the model can be characterized as follows:  
• a simplified evaluation of CO2/Amine – test runs  
• a quick prognosis of the impact of a power station up – and – down operation on a CO2/Amine 
scrubbing system 
• The model was developed for the investigation of PCC – plants and is not generic. Therefore 
results can be generated on a near time basis. 
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Notation 
a   interfacial area, m²/m³ 
c  molar concentration, mol/m³ 
E Enhancement factor 
G gas molar flow, mol/s 
k reaction rate constant, m³/ mol s 
K Height of step 
L liquid molar flow, mol/s  
r rate of reaction, mol/m³ s 
s Laplace transformed time 
t   time, s 
VR  reaction volume, holdup, m³  
x  liquid mole fraction, mol/mol 
X slope of ramp 
y gas mole fraction, mol/mol 
z iteration step 
Greek Letters 
 mass transfer coefficient, m/s 
 molar density, mol/m³ 
Subscripts 
A Amine 
i component 
j layer 
Superscripts 
g gas phase  
l liquid phase 
* interface 
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